The purpose of this study was to investigate the usefulness of photoacoustic imaging (PAI) for spatiotemporal mapping of tumor hemodynamics in a rabbit model of head and neck carcinoma. Shope cottontail rabbit papilloma virus associated VX2 carcinomas were established in adult male New Zealand White rabbits (n = 9) by surgical transplantation of tumor tissue in the neck. Noninvasive PAI with co-registered ultrasound (US) was performed to longitudinally monitor tumor growth, oxygen saturation (%sO 2 ), and hemoglobin concentration (HbT). PAI findings were validated with Doppler sonography measures of percent vascularity (PV). Differences in tumor volumes, %sO 2 , HbT, and PV values over time were analyzed using repeatedmeasures analysis of variance with multiple comparisons. Two-tailed Spearman correlation analysis was performed to determine the correlation coefficient (r) for comparisons between %sO 2 , HbT, and tumor volume. US revealed a significant (P b .0001) increase in tumor volume over the 3-week period from 549 ± 260 mm 3 on day 7 to 5055 ± 438 mm 3 at 21 days postimplantation. Consistent with this aggressive tumor growth, PAI revealed a significant (P b .05) and progressive reduction in %sO 2 from day 7 (37.6 ± 7.4%) to day 21 (9.5 ± 2.1%). Corresponding Doppler images also showed a decrease in PV over time. PAI revealed considerable intratumoral spatial heterogeneity with the tumor rim showing two-to three-fold higher %sO 2 values compared to the core. Noninvasive PAI based on endogenous contrast provides a label-free method for longitudinal monitoring of temporal changes and spatial heterogeneity in thick head and neck tumors.
Introduction
Photoacoustic imaging (PAI) is an emerging hybrid imaging modality that can provide quantitative readouts of tumor hemodynamics without the need for externally administered contrast agents [1, 2] . Unlike traditional radiologic techniques such as computed tomography or positron emission tomography, PAI does not utilize ionizing radiation or radioactive tracers. PAI exploits differences in the optical absorption characteristics of hemoglobin (Hb) depending on its oxygenation state (free versus oxygen bound) to provide quantitative estimates of total Hb concentration and oxygen saturation (%sO 2 ), the amount of oxygen being carried by Hb [3, 4] . The reliance of PAI on endogenous contrast along with its short acquisition times makes it particularly attractive for clinical applications in oncology. As such, PAI is being investigated for its diagnostic potential in skin, breast, ovarian, and prostate cancers [5] [6] [7] [8] . However, only a few studies have evaluated the utility of PAI based on endogenous contrast for imaging head and neck cancer [9] [10] [11] . These published studies of PAI have also been conducted using mouse models of cancer. Murine models are extremely useful for conducting preclinical studies in a time-efficient and cost-effective manner. However, given the ethical considerations and size differences between mice and humans,
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To address this gap in knowledge, in the present study, we 1) developed a novel orthotopic model of the Shope cottontail rabbit papilloma virus associated VX2 carcinoma [13] based on surgical implantation of tumors in the neck of rabbits and 2) examined the ability of PAI to assess spatial and temporal changes in hemodynamics of these bulky VX2 tumors. Noninvasive PAI with co-registered ultrasound (US) was performed to longitudinally monitor tumor growth, %sO 2 , and hemoglobin concentration (HbT) in vivo.
Results obtained with PAI were validated with Doppler sonographybased measures of tumor vascularity.
Materials and Methods

Ethics Statement
All experimental procedures were performed under aseptic conditions and in accordance with protocols approved by the Institutional Animal Care and Use Committee.
Rabbits
Adult male, specific-pathogen free, New Zealand White (NZW) rabbits (body weight range 1.7-2.6 kg) were purchased from Charles River Corporation (Saint Constant, Quebec, Canada). Animals were allowed to acclimate for 1 week prior to experiments. Rabbits were housed in individual stainless steel cages utilizing noncontact bedding (24" w × 24" d × 16" h) under 12-hour light and dark cycles. Animals were fed high-fiber diet (Rabbit diet # 2031; Harlan Teklad) and purified water. Dietary enrichment consisted of Timothy Hay cubes (Bio-Serv, Flemington, NY) and kale. Environmental enrichment in the form of manipulanda (Bio-Serv, Flemington, NY) was provided to all rabbits.
Animal Handling, Anesthesia, and Analgesia
Prior to surgical or imaging procedures, topical lidocaine and prilocaine anesthetic cream (Hi Tech Pharmacal Co. Inc., Amityville, NY) was applied to the ear. Animals were then sedated using acepromazine maleate (Phoenix Pharm Inc., Burlingame, CA) at a dose of 0.3 mg/kg administered by intravenous injection into the marginal auricular vein. Induction and maintenance of anesthesia were performed using inhalational isoflurane (Patterson Logistics Services Inc., Mount Joy, PA). Preoperative analgesia consisting of 0.05 mg/kg buprenorphine hydrochloride (Patterson Logistics Services Inc., Mount Joy, PA) was administered by intramuscular injection to animals undergoing surgery.
VX2 Tumor Propagation and Maintenance
Frozen tumor pieces were obtained from MD Anderson Cancer Center (Houston, TX). Tissue was homogenized and made into a cell suspension and injected into the thigh muscle of a donor rabbit under anesthesia using an 18-gauge needle. Once the tumor reached~2.5 cm (typically within 3-4 weeks), the tumor was harvested. Multiple tissue pieces were placed in cryoprotectant media and stored in liquid nitrogen for subsequent use.
Surgical Implantation of VX2 Tumors in the Neck
Surgical procedures were performed in an AAALAC-accredited facility. Naive NZW rabbits were surgically implanted with VX2 carcinoma tumor pieces obtained from a donor rabbit. Following surgical implantation, animals were monitored daily for general health, signs of distress, and tumor growth. Humane end points for euthanasia included tumor size greater than 4 cm in diameter and/or any signs of distress.
Photoacoustic Imaging with Co-Registered US
The setup for PAI with co-registered US of rabbits is shown in Figure 1 . Experimental PAI with co-registered US was performed using a laser integrated high-frequency US system (Vevo LAZR; FujiFilm VisualSonics Inc., Toronto, Canada). The system consists of a tunable NIR Nd:YAG laser connected to a 256-element fiber-optic linear array hybrid US transducer, synchronized micro-US system, and a workstation to process and reconstruct the images. Animals were positioned on their back for imaging. Three-dimensional B-mode US images were acquired prior to PAI for tumor volume measurements. PAI data sets were acquired for whole tumor sO 2 and Hbt measurements using the following parameters: frequency: 15 MHz, depth: 30.00 mm, width: 32.00, wavelength: 750/850 nm, and acquisition mode: sO 2 /Hbt. Time gain compensation was applied during PAI studies to adjust for signal loss at increased depths. Three-dimensional Doppler data sets were acquired for measurements of tumor PV using the following parameters: 15 MHz, pulse repetition frequency: 2 kHz, Doppler gain: 40, depth: 30.00 mm, width: 32.00 mm, beam angle: 0°, sensitivity: 5, and wall filter: medium. Animal vitals were monitored continuously during the imaging procedure and following completion of imaging to ensure full recovery. (See Fig. 1 .)
Image Processing and Data Analysis
Postprocessing of all imaging data (mice and rabbit) was performed using the Visualsonics workstation suite (VevoLab, ver. 1.7.2). Estimates of %sO 2 and HbT were calculated using the two-wavelength approach. For all studies, % sO 2 total values (which represent the average %sO 2 of all pixels including those with a zero/void estimate) are reported. Analysis was performed by tracing a region of interest for the entire three-dimensional region for PAI and Doppler data sets. All color maps representing %sO 2 and Doppler signal were displayed using a color lookup table superimposed on corresponding US images. All measured values were reported as the mean ± standard error of the mean.
Sample Sizes and Statistics
All statistical analyses were performed using Graph Pad Prism version 6.00 for Windows (Graph Pad Software, La Jolla, CA; www. graphpad.com). Measurements of US volume over a 3-week period were obtained for nine rabbits. Whole tumor measurement of %sO 2 and HbT was performed for all nine rabbits. Doppler sonographic assessment of PV was performed on eight rabbits (Doppler data were not acquired for one of the rabbits). Differences in US-based tumor volumes, PAI-based %sO 2 , HbT levels, and Doppler-based PV values over time were analyzed using repeated-measures analysis of variance with Tukey's multiple comparisons test. Two-tailed Spearman correlation analysis was performed to determine the correlation coefficient (r) for comparisons between %sO 2 , HbT (PAI), and PV (Doppler) with tumor volume. Subregion analysis of spatial heterogeneity within the tumor was performed in a subset of rabbits (n = 4). Two-tailed paired t test was used to analyze differences in %sO 2 , HbT, and PV values between tumor rim and core at different times postimplantation. P values of b .05 were considered statistically significant. Values are reported as mean ± standard error of the mean.
Results
Establishing a Clinically Relevant Rabbit Model of Bulky Head and Neck Cancer
To evaluate the performance of PAI based on endogenous contrast for imaging bulky head and neck tumors, we developed a clinically relevant large animal model of head and neck carcinoma by surgical implantation of Shope cottontail rabbit papilloma virus associated VX2 tumor tissue into the sternohyoid muscle of rabbits as shown in Figure 2 . A simplified illustration of the rabbit head and neck anatomy is shown in Figure 2A . Using aseptic techniques, the animals were draped, and a 2-cm incision was made on the skin along the length of the neck ( Figure 2B , red dotted line). Delicate blunt dissection of the subcutaneous tissue and fascia was performed. The delicate muscle fibers were separated to create a pocket, and a sterile piece of donor tumor tissue (~2 × 2 mm) was deposited into the pocket created within the lateral aspect of the sternohyoid muscle under anesthesia (Figure 2, C and D) . A 6-0 Vicryl suture was used to close the pocket, and the skin was closed with tissue glue and 5-0 Ethilon suture. The clinical appearance of a rabbit bearing a VX2 tumor in the neck at 3 weeks postimplantation is shown in Figure 2E . A total of nine rabbits were surgically implanted with VX2 tumors in the neck as described in "Materials and Methods." All nine animals (100%) survived the surgical procedure without any complications or incidence of postoperative infection. Histologic sections of the tumor exhibited squamous histology along with focal necrotic and hemorrhagic areas ( Figure 2F ).
Ultrasonography of VX2 Tumor Growth In Vivo
All rabbits developed clinically and radiologically detectable tumors within a week postimplantation. Beginning at 7 days postimplantation, US examination was performed at least once a week for 3 weeks. US enabled visualization of the extent of the tumor in all the rabbits (n = 9). Tumors appeared heterogeneous with hypo-and hyperechoic regions visible within the tumor. The panel of images shown in Figure 3A represents B-mode US images of a VX2 tumor in the neck of a rabbit at different times (days 7, 14, and 21 postimplantation). Three-dimensional US revealed a significant increase in tumor volume over the 3-week period from 549 ± 260 mm 3 on day 7 to 1433 ± 216 mm 3 on day 14 (P b .01 vs day 7), with tumors reaching a volume of 5055 ± 438 mm 3 at 21 days postimplantation ( Figure 3B , P b .0001 vs day 7 and day 14).
Temporal Optoacoustic Monitoring of Hemodynamics of VX2 Carcinoma
We investigated the utility of PAI for evaluation of early-and advanced-stage disease in the orthotopic VX2 rabbit model. To this end, temporal changes in %sO 2 and HbT associated with tumor growth were measured in tumor-bearing rabbits (n = 9). Tumor-bearing animals were imaged once a week for 3 weeks beginning at 1 week postsurgery. At 3 weeks, the depth of the tumors in rabbits was 1.8 ± 0.2 cm. B-mode US images were acquired with co-registered PA maps of %sO 2 and HbT. The panel of images shown in Figure 4A represents PA %sO 2 maps overlaid on the US image (left) of a VX2 tumor in the neck. The corresponding Doppler sonographic image of the tumor is shown on the right. The extent of the tumor has been outlined in white on both images. Adequate PA signal was obtained from the tumor in all the animals to obtain measurements of %sO 2 and HbT. PAI revealed a significant (P b .05) and progressive reduction in %sO 2 ( Figure 4B ) from day 7 (37.6 ± 7.4%) to day 14 (20.5 ± 5.1%) and day 21 (9.5 ± 2.1%) postimplantation associated with tumor progression over the 3-week period postimplantation. A significant decrease in HbT was also seen during the 3-week period ( Figure 4C ). Corresponding Doppler images showed a decrease in PV over time ( Figure 4D) . A 
Optoacoustic Mapping of Spatial Heterogeneity in Tumor Oxygenation and Vascularity of VX2 Tumors
Finally, we examined the spatial differences in %sO 2 and vascularity of VX2 tumors by sampling subregions within the tumor ( Figure 5A, left) . Figure 5A shows pseudocolorized PA %sO 2 Figure 5B) and Hbt values ( Figure 5C ) than the tumor center (core). Spatially co-registered Doppler (right) images of vascularity validated PA findings. Doppler flow images detected "spots" and strip-like echoes of blood vessels that were restricted primarily to the periphery of the tumor. Consistent with the PAI data, Doppler sonography also showed higher values of vascularity in the tumor rim compared to the core ( Figure 5, A and D) . As observed with whole tumor measurements, a progressive reduction in %sO 2 and vascularity was seen with tumor growth over time.
Discussion
A majority of published preclinical studies have examined the potential of PAI for tumor imaging using superficial tumors in rodent models. Given the depth limitation of PAI, we evaluated the feasibility and performance of PAI for deep tissue imaging of thick tumors in an orthotopic rabbit model of head and neck carcinoma. The VX2 Shope papilloma virus associated carcinoma is a widely studied tumor model that has been utilized to evaluate interventional procedures and imaging methods [14] [15] [16] . The common sites of tumor implantation in this model include the leg muscle, liver, and auricles [15] [16] [17] . Studies have also established VX2 tumors in the buccal mucosa, larynx, and esophagus [18] [19] [20] . To mimic thick neck masses seen in humans, we developed an orthotopic neck tumor model by surgically implanting tumor tissue into the sternohyoid muscle of rabbits. The surgical procedure was well tolerated and did not result in any morbidity or mortality. We performed longitudinal US to assess tumor growth in rabbits because high-resolution US is often the imaging method of choice for evaluating neck masses in patients. Tumors were easily detected on US and appeared as well-demarcated masses with heterogeneous echogenicity. US provided evidence of aggressive tumor growth over a 3-week examination period. At late stages of growth, the tumor core appeared anechoic indicative of necrosis.
Whereas the VX2 tumor has been extensively utilized in cancer research, minimal information is available on the temporal and spatial heterogeneity in the oxygenation status of these tumors. Studies have previously examined the potential of PAI for endoscopic imaging of the rabbit esophagus [21] and for ocular imaging in rabbits [22] .
Muhanna et al. have previously shown the usefulness of PAI in image-guided therapy of VX2 tumors in the oral cavity using nanoparticle-based contrast agents [23] . In contrast, our study demonstrates the potential of PAI based on endogenous contrast for imaging bulky neck masses in rabbits. We used a commercially available linear array-based PAI system to conduct experimental studies in rabbits. Our studies revealed that PAI can reliably detect hemodynamic parameters up to~2 cm deep in tissue. With development of next-generation PAI and photoacoustic tomography systems and improvements in light delivery, this could be further improved.
As such, there is widespread interest in the clinical application of PAI. However, only a few studies have performed comparative evaluation of PAI with conventional imaging methods. Recent studies have validated PAI-based hemodynamic assessment of tumors in mice with MRI [11] and contrast-enhanced US [11, 24] . In the present study, we compared spatiotemporal changes in hemodynamics assessed by PAI with Doppler sonography, an imaging technique that is clinically utilized for imaging vascularity of neck lesions. In our study, tumor oxygenation assessed using PAI was compared with Doppler measures of vascularity in VX2 neck tumors in rabbits. Good correlation was observed between photoacoustically derived %sO 2 values and PV quantified from Doppler sonography. Sequential PAI examinations showed a marked decrease in %sO 2 of tumors over time reflective of aggressive tumor growth. The tumor rim consistently exhibited higher oxygenation (PAI) and vascularity (Doppler) compared to the tumor core. The central regions of the tumor appeared hypoxic with minimal PAI signal. Consistent with this finding, tumors exhibited thick rod-like peripheral Doppler signal and decreased signal in the central regions of the tumor. Collectively, our observations demonstrate the ability of PAI to reliably monitor spatiotemporal changes in tumor oxygenation in thick neck tumors. Our results suggest that PAI may serve as a useful imaging tool in conjunction with Doppler sonography for evaluating superficial neck masses.
The limitations of our study need to be recognized. We did not perform histopathologic or immunohistochemical assessment of hypoxia in our rabbit tumor model. This would have provided further validation of our PAI data. Second, given the pilot nature of our studies, we did not examine the changes in tumor oxygenation following therapeutic intervention. Monitoring the spatiotemporal fluctuations in tumor oxygenation before, during, and after therapy would be valuable in determining the prognostic utility of PAI-based oxygenation measurements. In this regard, the clinically relevant, immunocompetent large animal model presented here can serve as a platform for future investigation into the performance of PAI for therapeutic monitoring of chemotherapy, radiation, and immunotherapies. We have begun addressing some of these questions and will report on our findings in the future.
In summary, the work presented demonstrates the ability of PAI to longitudinally monitor tumor oxygenation dynamics and map the spatial heterogeneity of hypoxia in thick head and neck tumors. PAI is a relatively inexpensive, nonradioactive imaging modality that exploits endogenous contrast mechanisms to enable monitoring of spatiotemporal fluctuations in tumor oxygenation in vivo. Our work highlights the translational potential of PAI for objective assessment of oxygenation status of bulky head and neck tumors. Our results provide encouraging evidence for additional investigation into the potential of PAI for clinical application in head and neck oncology.
